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Relation of distal tubular NaC1 delivery and glomerular
hydrostatic pressure. we have tested certain aspects of the hypo-
thesis that the rate of distal tubular sodium delivery determines
the rate of filtration in that nephron. Schnermann, wright et al
have suggested that a reduction in distal sodium delivdry causes
the local release of angiotensin which acts to elevate the gb-
merular hydrostatic pressure (P0) of that nephron by constric-
ting the efferent arteriole, thereby increasing the nephron filtra-
tion rate. we have, therefore, examined the influence of distal
sodium delivery upon glomerular hydrostatic pressure utilizing a
servo null pressure device in wistar rats with surface gbomeruli
on normal NaCI diet (Group I), low NaC1 diet (Group II) and
during saline diuresis (Group III). Glomerular pressure was
quite similar in all three groups. In single nephron studies, in
these same three groups, an acute reduction in distal sodium
delivery did not alter nephron glomerular hydrostatic pressure.
we conclude: 1) mechanisms exist whereby P0 is autoregulated
despite acute tubular obstruction and wide variations in distal
sodium delivery; 2) if nephron filtration rate rises with reduc-
tion in distal sodium delivery, this must be mediated by increased
plasma flow to that nephron, since glomerular hydrostatic pres-
sure is unchanged.
Relation enfre be debit de NaCI au tube distal et Ia pression
hydrostatique glomérulaire. Nous avons testd certains aspects de
l'hypothèse selon laquelle Ic debit de sodium au tube distal
determine be debit de filtration du méme nephron. Schnermann,
wright et al ont suggéré qu'une reduction du debit distal de
sodium entraine une liberation locale d'angiotensine baquelle
augmente Ia pression hydrostatique glomérulaire du méme
néphron par constriction de l'artériole afférente et, de cc fait,
augmente be debit de filtration glomérulaire du néphron. Nous
avons donc étudié l'influence du debit distal de sodium sur Ia
pression hydrostatique glomerulaire au moyen d'un système
asservi de mesure de pression chez des rats wistar possédant
des glomérules superficiels et soumis a une alimentation normale
en NaCI (groupe I), pauvre en NaC1 (groupe II) ou a une
diurése saline (groupe III). La pression gbomérulaire était tout
a fait semblable dans les trois groupes. Au cours des etudes
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d'un méme néphron, dans ces mCmes trois groupes, une reduction
brusque du debit distal de sodium produite par be blocage
tubulaire du a l'huile n'a pas modifié Ia pression hydrostatique
glomerulaire. Nous concluons: 1) qu'il existe un mécanisme par
lequel Ia pression gbomérulaire est régulée en dépit d'une obstruc-
tion tubulaire aiguë et de grandes variations du debit distal de
sodium; 2) Si le debit de filtration du néphron augmente au
cours de la diminution du debit de sodium distal ceci doit étre
lie a une augmentation du debit plastique au glomérule puisque
Ia pression hydrostatique glomérulaire est inchangée.
The mechanism for autoregulation of glomerular filtra-
tion rate in the face of varying renal perfusion pressures has
not been established. Thurau and Schnermann have pro-
posed a feedback control system in which variations in the
rate of sodium delivery to the distal tubule, by influencing
sodium reabsorption by the macula densa, result in a change
in the production of angiotensin within the juxtagbomerular
apparatus of the same nephron [1]. According to this model,
an increase in the distal delivery of sodium would accelerate
the local release of angiotensin, which would then cause
constriction of the afferent areriole of that nephron, thereby
reducing the filtration rate. Conversely, reduced distal
sodium delivery would decrease the angiotensin production,
causing afferent arteriolar dilatation and an increase in the
filtration rate of that nephron [1, 2, 3].
In support of this general concept of feedback control of
glomerular filtration is the recent study of Schnermann
et al, in which it was found that variations in the perfusion
rate of the loop of Henle produced reciprocal changes in
the filtration rate of the perfused nephron [4]. They modified
the basic feedback control model, however, and suggested
that reduced distal sodium delivery might increase local
angiotensin production, which then produces constriction
of the efferent arteriole and an increase in nephron fil-
tration [4]. Implicit in either model, however, is the assump-
tion that within a single nephron gbomerular hydrostatic
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pressure is regulated by changes in distal tubular sodium
delivery and local angiotensin production.
The purpose of the present study, therefore, is to deter-
mine whether glomerular hydrostatic pressure would in
fact increase when delivery of sodium to the distal tubule
was stopped by blocking the proximal tubule with oil. The
recent development of the servo null-pressure microtrans-
ducer made it possible to measure glomerular hydrostatic
pressure directly in the Munich strain of Wistar rats which
possess surface glomeruli. In order to test fully the hypo-
thesis, studies were performed in normal hydropenic rats,
in rats maintained on a low NaCI diet to achieve a high renal
content of renin, and in rats in which renin was partially
suppressed by saline diuresis.
Methods
Animal model. A mutant strain of Wistar rats was utilized
in this study. This strain is similar to the Sprague-Dawley
rat in most respects and identical to the normal Wistar
except that a few glomeruli are present on the surface of the
kidney. The original strain was discovered and bred in
Munich, Germany in the laboratory of Dr. Klaus Thurau
at the Physiologic Institute of Munich, who kindly provided
the original breeding stock for our colony. In these experi-
ments 27 male and female rats (140 to 240 g body wt) were
used. The number of glomeruli on the surface accessible to
micropuncture varied from zero to seven per animal.
Animals were anesthetized with mactin (100 mg/kg i. p.)
and a tracheostomy tube (PE 240) was inserted. Poly-
ethylene catheters were placed into the left jugular vein
(PE 50) for the infusion of solutions and into the left femoral
artery (PE 50) for the monitoring of blood pressure with a
Statham pressure transducer, recorded on a Sanborn chart
recorder. Urine was collected from the right kidney via a
bladder catheter (PE 50). The animal was then turned onto
the right side on a heated micropuncture table and a sub-
costal flank incision was made. The adrenal gland, pen-
renal fat and connective tissue were carefully dissected from
the left kidney so that the pedicle was not stretched; the
kidney was then placed into a lucite cup, and the ureter
catheterized with a PE 10 catheter.' The lucite cup was then
lined and the base packed with cotton. Clear agar at
37 to 39°C was placed around the kidney, leaving the dorsal
surface exposed. The kidney was then covered with heated
(37°C) normal saline-NaHCO3 solution. 14C-inulin was
infused at a rate of 20 jiCi/hr for the measurement of glome-
rular filtration rate. Filtration fraction was determined
from the extraction of '4C-inulin. Venous samples were
obtained with heparinized 35 to 50 ji tip pipettes.
The following experimental groups were utilized: Group
I — Rats were maintained on normal Purina rat chow
'A recent report (5) suggests that a PE 10 ureteral catheter may
induce partial ureteral obstruction. In the present studies it
was found that withdrawal of the catheter had no effect on
measured P,.
(approximately 4 mEq/day NaCl intake by diet analysis)
with ad libitum fluid intake until the time of study. During
the study an infusion of isotonic NaC1-NaHCO3 was main-
tained at 0.04 mI/mm, approximately twice the normal
hydropenic infusion rate, (0.02 mI/mm) to allow a modest
distal delivery of NaC1 and prevent contraction of extra-
cellular volume. Group II — Rats were maintained on a
low sodium liquid diet such that daily intake did not exceed
700 jiEq/day for a period of ten days prior to micropuncture.
Infusion of isotonic NaCl-NaHCO3 was maintained at
0.02 mI/mm during the study in this group. Group III — Rats
were maintained on the same diet as Group II but during
the micropuncture experiment they were volume expanded
with isotonic NaCl-NaHCO3 at a rate of approximately
10% body wt/hr by constant infusion. Measurements were
obtained after one hour of infusion.
Pressure measurements with servo-null microtransducer.
The servo null-pressure sensor device is manufactured by
Instrumentation for Physiology and Medicine, San Diego,
California. The basic principle is that of an electrical
Wheatstone bridge, one arm of which is a micropipette
with a I ji (O.D.) tip that is filled with 1 M NaCI. The high
resistance point of this arm of the bridge is at the pipette
tip. The instrument is set at zero pressure with the pipette
tip in isotonic saline-NaHCO3 solution on the surface of
the kidney. If the pipette is placed into the lumen of a
structure with a hydrostatic pressure above zero, the physio-
logic solution tends to move into the pipet. Since physiologic
fluids have a lower electrical conductivity, this movement
would raise the electrical resistance at the tip, unbalancing
the bridge. However, the servo system senses this change in
conductivity and rapidly activates a drive shaft which raises
the pressure within the 1 M NaC1 micropipet so that the
interface remains within the tip of the pipet and resistance
remains constant. The drive system stops when the tip
resistance has returned to its initial value.
In order for the drive system to maintain resistance
constant at the tip, the pressure generated within the trans-
ducer must be equal to the hydrostatic pressure within the
structure being measured. A calibrated Statham transducer
senses and records the pressure generated within the servo
transducer to keep the bridge balanced. Because of the
rapidity with which the servo mechanism operates, no
physiologic fluid actually enters the pipet or dilutes the
conductivity of the original 1 M NaC1.
The increased sensitivity and rapid response of this system
permits the use of very small 1 ji tip pipettes. Photoelectric
flow measurements in small capillaries have shown that
pipettes with tip diameters as large as 5 gi can be used
without observable alterations of flow in the vessel [6].
However, in our experience, if larger pipettes are used, the
tip is often not free in the lumen of the glomerular capillary
and stable pressure measurements are difficult to obtain.
Also the risk of damage to the capillary with resultant
bleeding is greatly enhanced.
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Fig. 1. Tracings of glomerular capillary pressures (calibrated and
expressed in cm H20) with the corresponding femoral artery
pressure recording (expressed in mm Hg) are demonstrated. On
the lower half of the figure, stop-flow pressure and tubular
pressure tracings are shown.
In order for a pressure to be measured, the tip of the
micro-pipette must be free in the lumen of the structure. If
this tip is not free, but against the wall of either tubule or
capillary, the drive system will not shut off and a maximum
pressure will be recorded. However, if the tip is free in the
lumen, pressure measurements within capillaries give a
pulse pressure in synchrony with peripheral pulse; with
glomerular capillaries an aortic complex is noted (Fig. 1),
thereby aiding in the recognition and contributing to the
validation of the measurement. Pressures in Bowman's
capsule and tubular lumen are of lower amplitude and have
a variable, often irregular, pulse pattern.
We have repeatedly remeasured the glomerular pressure
(P0) in surface glomeruli with the 1 t pressure pipet and
found P0to remain constant in spite of repeated repuncture
of both blocked and unblocked tubules, provided that no
observable disruption of the glomerular capillary occurs
the mean difference of the repuncture values in 16 glomeruli
was 0.06 2.2cm H20 with a range of values from
—3 to +4cmH2O).
The appearance of blood on the surface, in Bowman's space
or in the tubule belonging to that glomerulus, is evidence
of such disruption. For this reason, if bleeding occurred
during any of the experimental maneuvers, the glomerulus
was rejected.
In the present experimental studies glomerular hydrostatic
pressure was measured with the 1 L pressure pipette and
then the tubule belonging to that glomerulus was localized
by the injection of a small quantity of dilute dye (FD & C
green, No. 3, 0.1 mg %, Keystone Aniline and Chemical
Co., Chicago, Illinois 60607) through another 1 ji tip
pipet into Bowman's space. The order of these maneuvers
was reversed in approximately one half of the studies, in
that tubular localization preceded the initial measurement
of P0 (a-a) The tubule was then punctured with a 7 t
pipette filled with castor oil (mineral oil was used if collec-
tions were to be made). Bowman's space is then re-entered
with the pressure pipette and the oil injected into the tubule
to stop tubular flow. The pressure in Bowman's space then
rose rapidly to the stop-flow pressure, which aided in
verifying that the obstructed tubule did in fact belong to the
surface glomerulus. After the stop-flow pressure was
measured, the glomerular capillary was re-punctured and
the resultant glomerular hydrostatic pressure (P0_ b) re-
corded. In approximately one third of studies, the pressure
pipette was kept in the glomerular capillary during the
injection of oil into the tubule and the stop-flow pressure
measured later. These experimental maneuvers were then
repeated in all accessible surface glomeruli.
Analytical methods. Urine was collected in preweighed
containers under oil and plasma samples in heparinized or
siliconized glass capillary tubes. Urine and plasma sodium
concentration was determined with an Instrumentation
Laboratories flame photometer. Protein concentration was
determined with a modification of the Lowry protein
method [7]. Plasma renin activity was determined by radio-
immunoassay techniques and results expressed as ng/ml
angiotensin I generated per hour [8]. Filtration fraction and
renal plasma flow were determined in 6 animals in Group I
(normal NaCI diet) in order to calculate the mean glomeru-
lar oncotic pressure. Renal plasma flow was determined
from the Wolf formula [9] as previously described. 14C
counts in plasma, urine, tubular fluid and venous samples
were monitored on a Packard Tri-Carb liquid scintillation
counter and glomerular filtration rate, renal plasma flow,
and nephron filtration rate calculated as previously de-
scribed [10].
Calculations. Filtration across the glomerular capillary is
defined by the following relationship:
GFR =(L x A) . (G 2o —P) (1)
where L = the hydraulic conductivity or permeability of
the membrane per unit area, A = the functional glomerular
capillary surface area for filtration, P0 = glomerular hydro-
static pressure, it0 = the oncotic pressure within the gb-
merular capillary and P =proximal tubular hydrostatic
pressure. The oncotic pressure within the proximal tubule
is very small and is thus, therefore, neglected.
When the tubule is blocked with oil, filtration becomes
insignificant and P proximal to the oil block rises to the
recorded stop-flow pressure (SFP). Equation 1, therefore,
reduces to:
P0 =SFP + it0. (2)
When filtration is negligible, protein concentration in the
gbomerulus does not change; it0 is then equal to arterial
oncotic pressure (it4). it can be calculated from the Landis-
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Pappenheimer equation [11]:
= 2.1 C + 0.16 C2 + 0.009 C3
where C= protein concentration (g/l00 ml).
The efferent glomerular protein concentration (CE) is
equal to CA/l—FF, where FE is the filtration fraction.
Efferent oncotic pressure (ThE) is calculated from equation 3,
using CE as the protein concentration.
The driving force for glomerular filtration, the effective
filtration pressure, is defined at any given point along the
glomerular capillary bed by the following equation:
EFP=(P6—m6—P1). (4)
In the present study the principle focus is upon glomerular
hydrostatic pressure as it may be influenced by variations
in the rate of distal tubular sodium delivery. However, it
is appreciated that the force for glomerular filtration
involves oncotic as well as hydrostatic forces; this total
force for glomerular ultrafiltration is summarized in the
expression for effective filtration pressure in Equation 4.
The hydrostatic forces (P6 and can be directly and
accurately measured and remain relatively constant along
the length of the glomerular capillary, as evidenced by the
constancy of P0 and P in this study on repeated punctures
at random sites in the same glomerulus.
In contrast glomerular oncotic pressure along the length
of the capillary cannot be directly ascertained. The filtra-
tion process results in a progressive increase in glomerular
capillary protein concentration, thereby producing a
continuous fall in the effective filtration pressure. This
decrease in effective filtration pressure is undoubtedly
exponential and results primarily from the increase in it6
along glomerular capillary length. Therefore, in order to
examine the factors responsible for a change in nephron
filtration rate, it is necessary to determine a mean value for
effective filtration pressure. Such a mean effective filtration
pressure requires the estimation of a mean value for gb-
merular oncotic pressure (71); this value may be calculated
in two ways.
The first of these methods involves the estimate of 71
as an arithmetic mean of afferent and efferent oncotic
pressures:
then, (5)
The mean EFP can then be estimated from the following
expression:
EFP=(P6—316—P1). (6)
At any point along the length of glomerular capillary
the rate of glomerular filtration is directly related to the
effective filtration pressure. The method utilized above
(the arithmetic mean 31) defines the mean effective filtra-
tion pressure as that pressure at which the rate of glomerular
filtration is a mean value of the filtration rates at the
afferent and efferent ends of the glomerular capillary. This
relationship holds for any equation which describes the
change in the complex function A it6 versus capillary length.
A second method for the calculation of a mean glomerular
(3) oncotic pressure 31 is the integrated value for it6 versus
length between mA and IVE divided by the capillary length,
x, required for it6 to reach the value mE:
(7)
where 1 is equal to that value of x at which it0 equals mE.
The mean EFP can then be defined:
(8)
This method has the great virtue of permitting a reasonable
estimate of mean EFP under a variety of conditions in
which the slope of the A it6 function versus length varies
widely. When EFP does not come to zero or equilibrium
within the glomerular capillary, then the length, I, over
which a positive EFP acts is unequivocal and equal to the
total length of the glomerular capillary. Under disequili-
brated conditions, both the mean EFP calculated as an
arithmetic mean of afferent and efferent values and that
mean EFP derived by the integral divided by length are
reasonably accurate relections of the true EFP. It would
appear reasonable, therefore, to estimate that 31 of either
of the above methods if filtration equilibrium is not reached
at the efferent arteriole.
However, under circumstances in which filtration
equilibrium is attained before the efferent end of the gb-
merular capillary, the estimate of mean EFP calculated
as the arithmetic mean may be grossly in error. In this
condition, a change in the slope of the A it6 function versus
length, as a result of changes in the nephron plasma flow,
will alter the total integrated value for EFP and it6 while
the mean EFP remains equal to one-half the afferent
effective filtration pressure (P6 — XA —
Also, under conditions of filtration equilibrium, calcula-
tion of a mean EFP as equal to1 [EFPx) dx becomes
difficult if 1 is defined as the length over which any positive
EFP acts. The EFP approaches zero and it6 approaches ma
very slowly in equilibrated states after an initial rapid
slope, such that using a glomerular capillary length, I,
over which even small EFP values exist will greatly under-
estimate mean EFP by overestimating 1. Possibly more
reasonable evaluations of mean EFP can be derived if
x =1 is defined as the length over which an EFP of at least
1—2 cm H20 is exerted or alternatively the EFP at which
one-half of the filtration process has occurred. The second
of these values for mean EFP should be the EFP at which
one-half the area under the EFP versus x function has been
inscribed.
Therefore, in states in whichf iltration reaches equilibrium,
the actual EFP integral may change, without changes in
either P0 or P, simply as a result of changes in plasma
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flow. Since a value for this EFP integral cannot as yet be
determined, changes in plasma flow may alter glomerular
filtration rate by either altering glomerular permeability
(Lp x A) or EFP, without changes in hydrostatic pressure.
The relative contributions of permeability alterations and
changes in the EFP integral cannot be discerned if equi-
librium occurs.
In view of the uncertainty regarding the estimation of 3i
in circumstances where filtration comes to equilibrium
before the efferent arteriole, the present studies are confined
to examination of the hypothesis that distal sodium delivery
may alter the effective filtration pressure and thereby the
nephron filtration rate by altering the gomerular hydro-
static pressure specifically.
Results
Clearance data for Group I (normal NaCI diet), Group II
(low NaC1 diet), and Group III (volume expansion studies)
are depicted in Table 1. In Group I studies GFR was
1.08 mI/mm in the micropuncture kidney or 5.7
mI/mm/kg body wt. UNaV averaged 68±34 nEq/min during
the study. Systemic renin activity averaged 5.3 0.6 ng/ml
angiotensin I generated/hr. Mean arterial pressure during
the study was 120±4mm Hg. FF was 0.34 in this
group. Renal plasma flow was determined in six animals in
this group and was 3.08 0.2 mI/mm.
Table 1. Clearance data —micropuncture kidney
Group 1
Normal
NaCI
(N=1l)a
Group II
Low
NaCI
(lV=11)
Group III
Volume
expansion
(N=7)
GFR,ml/min 1.08
0.10
1.00
0.08
1.17
0.06
GFR, mI/mm/kg 5.7 5.3 6.4
UNaV, nEq/mmn 68 32 6972
Mean blood pressure,
mmHg
120 116 126
Renin activity,
ng/ml Al
generated/hr
5.3
0.6
10.6
2.9
—
Each value expressed as the mean of all animals standard
error of the mean.
a N= number of animals.
In Group II, GFR in the micropuncture kidney was
1.00±0.08 ml/min or 5.3 ml/min/kg body wt. UnaV
during the study averaged 32 6 nEq/min. Renin activity
on low NaCI intake averaged 10.6 2.9 ng/ml. Mean
arterial pressure was 116 2 mm Hg during the study.
In Group III studies, GFR averaged 1.17 0.06 mI/mm
or 6.4 0.4 mI/mm/kg. UNV averaged 6972 2240 nEq/
mm during the measurements. Mean arterial pressure was
126±5mm Hg.
Pressure measurements. Representative pressure tracings
obtained from the glomerular capillary, Bowman's space,
stop-flow pressure in Bowman's space and the proximal
tubule are depicted in Fig. 1. The amplitude and complex
pattern obtained during stop-flow pressure recording are
similar to those obtained in Bowman's space, except that
the values are considerably higher. The configuration of
complexes obtained in capillaries is considerably different
from that within Bowman's space or the tubule, regardless
of the magnitude of the pressure recorded.
In Group I studies, glomerular pressure was measured in
25 glomeruli in 11 animals and averaged 64.2 1.3 cm H20
(Table 2). G estimated from the stop-flow pressure
(c—sFP) in 31 separate nephrons in the same animals
averaged 69.5 1.3 (P <0.01). Tubular pressure in this
group was 19.4±1.2 cm H20,
In Group II studies, P0 in 16 glomeruli in 11 rats aver-
aged 65.7 1.6; this value is not different from that ob-
tained in Group I (P>0.4). Glomerular pressure estimated
by SFP in the same animals averaged 64.8 1.1, which is
not different from P0 measured directly (P>0.5). Tubular
pressure in this group was 18.9±1.2cm H20. Systemic
protein concentration was not different in the two groups
and averaged 5.1 g/100 ml.
Glomerular pressure by direct measurement in Group III
animals expanded with saline averaged 69.4 1.2 cm H20
and P0 estimated from the stop-flow pressure in separate
nephrons was 68.0±1.7 (P> 0.4). Tubular pressure during
continuous volume expansion averaged 29.3 cm H20 and
the systemic protein concentration fell to 3.12 0.2 g/100 ml
in seven animals.
Effect of decreased distal sodium delivery on glomerular
pressure. A summary of findings in 20 glomeruli of Group I,
Table 2. Glomerular pressure by direct measurement and by
stop-flow technique and tubular pressure
"G—sFP
cmH2Oa cmH2O cmH2O
Group I 64.2 69.5 19.4
(NormalNaCi) ±1.3°
(N=25) (N=31)
F<0.01
Group II 65.7 64.8 18.9
(LowNaCI)
(N= 16) (N= 27)
P>0.50
Group III 69.4 68.0 29.2
(Volume Expansion) 1.2 1.7
(Nr=11) (N=21)
P>0.40
1.2
a In order to convert values to mm Hg divide by 1.36.
b saM for the average of mean of each animal.
C 5aM for all measurements.
Abbreviations: P0 =glomerular pressure by direct measure-
ment; 05FP=glomerular pressure estimated from SFP + IrA;
P= tubular pressure.
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Table 3. Effect of reduction of distal sodium delivery upon P6
in normal NaC1 rats
Glomerulus PG-a
cmH2Oa
1G—b
cmH,O
1G-SFP
cmH2O
1 65.0 65.0 71.4
2 65.0 74.0 68.5
3 56.0 56.0 51.4
4 56.0 55.0 66.0
5 63.0 59.0 60.5
6 63.0 67.0 59.8
7 62.0 62.0 61.8
8 66.0 65.0 59.2
9 69.5 64.0 65.2
10 63.0 68.0 60.4
11 74.0 69.0 64.4
12 70.0 74.0 75.6
13 67.5 63.0 63.0
14 64.0 65.0 —
15 66.0 64.0 54.0
16 69.0 70.0 71.2
17 53.0 53.0 59.2
18 62.0 62.0 —
19 81.0 76.0 —
20 54.0 55.5 —
x 64.4 64.3 63.2
SEM
SD
P >0.8 >0.5
(Difference from 13G-a
by paired analysis)
Abbreviations: =glomerular pressure; G—b= glomerular
pressure with tubule obstructed; G—5FP= glomerular pressure
estimated from SFP+ ItA.
a In order to convert to mm Hg divide by 1.36.
in which measurements of P6 were obtained before and
after tubular obstruction, are depicted in Table 3. A stable
glomerular pressure was obtained in the surface glomerulus
('>G-a) and averaged 64.4±1.5 cm H20. When the tubule
of that nephron was obstructed, glomerular pressure rose
transiently and then fell within 25 seconds to a value near
that of the control. The transient increase in pressure ranged
in magnitude from three to 15 cm H20, but was usually less
than 10cm H20. Of the 15 observations in which G was
continuously monitored in Group I, the largest of these in-
creases is depicted in Fig. 2 (Hydro). This resultant stable
glomerular pressure after tubular obstruction (PG—b)
averaged 64.3 1.4 (p>0.8) (Table 3) and was not different
from '6—a PG—b was measured as late as 20 mm after
obstruction of the tubule and was unchanged. Glomerular
pressure was estimated by stop flow in the same glomerulus
and was 63.2± 1.6 (P>.0.5).
In 10 glomeruli (Group II; low NaC1 diet) in which mea-
surements of P6 were obtained before and after tubular
obstruction (Table 4), a stable value for 1G-a was obtained
which averaged 67.2±1.8 and following obstruction of the
tubule, a transient rise in glomerular pressure was also
noted for 25 seconds or less. As in Group I, the transient
was usually less than 10 cm H2O. The stable value after 25
Table 4. Effect of reduction of distal sodium delivery upon P6
in low NaCI rats
Glomerulus P
cm H20 a
"6—b
cm H20
G-sFp
cmH20
1 72.2 64.0 65.0
2 71.0 — 64.4
3 69.0 65.0 65 2
4 680 76.0 66.3
5 65.0 62.0 64.0
6 73.5 69.0 69.5
7 72.0 77.0 76.9
8 65.0 62.0 64.2
9 60.5 58.0 —
10 56.0 58.0 —
67.2 65.7 66.9
SEM
SD 5.4 6.6 4.1
P >0.5 <0.05
(Difference from 1c —a
by paired analysis)
Abbreviations: =glomerular pressure; 6b= glomerular
pressure with tubule obstructed; G—SFP = glomerular pressure
estimated from SFP+
a In order to convert to mm Hg divide by 1.36.
seconds during tubular obstruction (P6 b) averaged
65.7±2.3 (P>0.5), which was not different from the con-
trol 'G—a The mean glomerular pressure estimated by SFP
was 66.9± 1.6, a value which was 2.6 cm H20 less than
'G—a measured directly in the same nephrons (Table 4;
nephrons 1—8).
During hydropenia, the immediate rise in P6 following
tubule blockade is probably due to the cessation of filtra-
tion; this increment being added to efferent blood flow.
The subsequent return of P6 to the control values despite
the maintenance of tubular obstruction is probably due to
efferent vasodilatation. This might be mediated by either
reduction in local angiotension activity or a passive de-
crease in intrinsic efferent tone. In order to investigate this
issue further, collection of the glomerular filtrate proximal
to the oil block was performed during hydropenia after the
P0 had returned to the control value. In eight glomeruli,
there was either no effect or a transient fall in the measured
P0, followed by a spontaneous return of pressure to control
values; the stable P0 was always equal to control P6
irrespective of whether the filtrate was collected or not.
The single nephron filtration rate measured in these
nephrons was 28.0 2.4 nl/min. If P0 decreased during the
collection of glomerular filtrate and remained at a value
below that of control, this would provide evidence for an
active change in efferent vascular resistance in response to
the reduction in distal tubular sodium delivery. However,
since P6 returned quickly to the control value while the
glomerular filtrate was collected, this suggests that changes
in efferent vascular resistance occur in response to changes
in either glomerular capillary pressure or glomerular ca-
pillary blood flow.
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Glomerulus PG-a
cmH2Oa cniH2O
'G—c
c,nH2O
1 68.0 80.7 —
2 66.0 76.0 —
3 66.0 78.0 —
4 69.0 65.0 —
5 76.0 91.0 77.5
6 74.0 80.0 70.0
7 68.0 80.0 64.8
8 63.0 71.0 60.0
9 70.5 81.0 73.0
10 75.5 80.0 72.0
11 68.0 72.0 68.0
69.4 77.7 69.3
SEM 1.2 2.0 2.2
SD 4.0 6.4 5.3
p <0.001 >0.20
(Difference from 'G —a
by paired analysis)
During volume expansion (Group III; Table 5) Ga
averaged 69.4 1.2 in 11 glomeruli and immediately alter
tubular obstruction rose to 77.7 2.0 (F <0.001; Table 5).
However, unlike the response during hydropenia, PG-b did
not return to the pre-obstruction levels when monitored for
as long as three minutes. However, if tubular fluid proximal
to the oil block was aspirated into the pipette (Fig. 2,
bottom), glomerular pressure (P0 ) returned to the control
levels (69.3 F>0.2).
Therefore, following tubular obstruction and reduction
in distal sodium delivery during hydropenia there is a
transient rise in P0 which returns to control levels spon-
taneously in less than 25 seconds. During volume expansion,
the early rise in glomerular pressure is persistent; Po, does
not return to the pre-obstruction value unless a route for
collection of tubular fluid is provided.
Discussion
The present studies were designed to examine the hypo-
thesis, originally proposed by Thurau and his associates
[1—3, 12] and recently modified by Schnermann, Wright
et al [4] that, within each nephron, the rate of distal so-
dium delivery is a critical determinant of the filtration rate
of that particular nephron. Schnermann, Wright et a! have
speculated that the influence of distal tubular sodium deli-
very upon nephron filtration rate might be mediated by
local release of angiotensin which acts directly on the efferent
arteriole, thereby changing glomerular capillary hydrostatic
pressure (P0); as a result, effective filtration pressure of that
nephron is increased [4]. To test this hypothesis, we have
measured P0 directly under circumstances in which distal
sodium delivery has been varied acutely and chronically,
both in a single nephron and in the intact kidney.
Two general approaches were utilized to test the effect of
varying distal sodium delivery upon P0: First, distal de-
livery of sodium was altered in the entire kidney by giving
rats a normal NaC! intake (Group 1), a low NaCl diet for
at least ten days (sufficient to produce high plasma renins
and low urinary sodium excretion) (Group II), and an acute
saline infusion (Group III). P0 was then measured directly
in these three circumstances. In a second type of study,
performed in rats in the above three groups, the distal
sodium delivery of a single nephron was acutely and selec-
tively reduced to zero by introducing an oil block into the
proximal tubule, and the resultant alteration in P0 of that
nephron monitored directly. These acute studies subserve
two purposes: they permitted an assessment of the influence
of a reduction in distal sodium delivery upon P0 in a single
nephron without altering function in the remainder of the
kidney. In addition, the analysis of three groups of rats with
Fig. 2. On the upper portion of the figure
(Hydro) is shown the sequence of changing
glomerular capillary pressure following oil
injection into the tubule. A portion of the
tracing is discontinuous in time, but the
entire sequence of return to control
pressure did not exceed 25 seconds in
any of 15 observations during hydro-
penia. On the lower half (Saline) is
depicted the sequence during saline
diuresis (Group III). The sequence differs
from that inhydropenia in that glomerular
pressure did not return to control values
unless tubular fluid was collected into
the pipette.
Table 5. Effect of tubular obstruction and collection of tubular
fluid upon P0 during volume expansion
Abbreviations: P0 =glomerular pressure; =glomerular
pressure with tubule obstructed; P0 =glomerular pressure
while tubular fluid collected proximal to oil block.
a In order to convert to mm Hg divide by 1.36.
Hydro
C
0
C
Injection Averaging
of oil circuit
Saline_________________________________
'UI!fl [ffi_rrinr:!iIcI!iI:iUtMS
Inje.tion Colldction Averging
of oil of fluid circuit
Ic 3sec sI
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different salt loads during the control period facilitated an
assessment of the effect of an acute diminution in distal
sodium delivery in settings with varied renal renin content
and sodium excretion.
P was quite similar in rats on normal NaCl intake
(Group I: 64.2±1.3cm H20), low NaCl diets (Group II:
65.7 1.6), and those undergoing volume expansion
(Group III: 69.4±1.2), indicating a significant degree of
autoregulation of G in spite of wide variations in sodium
intake, excretion and presumably extracellular fluid volume
and renal renin content (Table 2). In single nephron studies,
the cessation of glomerular filtration and consequent in-
crease in glomerular capillary blood flow was associated
with either a transient (Group I, Table 3; Group II,
Table 4) or persistent (Group III, Table 5) increase in P0.
However, in Group III, if glomerular filtration was permitt-
ed in the blocked nephrons by the complete collection of
tubular fluid, P0 returned to control values, where it re-
mained, indicating that there is no selective influence of a
reduction in distal tubular sodium delivery on G in any of
the three states (Tables 3—5).
This constancy of G cannot be attributed to a depletion
of renal renin, such as may occur in rats maintained on a
high salt diet [13—15]. In rats maintained on low sodium
intake (Group II), in which renal renin would be expected
to be high [12], blockade of distal sodium delivery did not
cause an increase in P0 (Table 4). Nor can the constancy of
P0 be attributed to maximum reduction of sodium delivery
in the control period, a circumstance which would tend to
mask the effects of a slight further reduction in distal sodium
delivery as a result of tubular blockade. In rats undergoing
saline diuresis (Group III), in which distal sodium delivery
was high, a sharp reduction in sodium load produced by
oil blockade did not elevate P0 (Table 5).
These data, therefore, do not support the model of
feedback control of nephron filtration rate suggested by
Schnermann, Wright et al [4] in which a reduction in distal
tubular sodium delivery, possibly through the local release
of angiotensin, could cause efferent arteriolar constriction
thereby raising P0 and the effective filtration pressure of
that nephron. The studies also do not support the earlier
model of Thurau [1—3, 12] in which a fall in distal sodium
delivery might be associated with reduced local angiotensin
generation, leading to an increased nephron filtration rate
as a result of afferent arteriolar dilatation. In such a model,
it is plausible to suppose that the mechanism whereby
afferent dilatation is translated into an increase in nephron
filtration rate is through a rise in the effective filtration
pressure secondary to an increase in P0. In no instance was
such a reduction in distal sodium delivery associated with
this finding.
Three inferences may be drawn from the constancy of
P0 in the setting of decreased distal sodium delivery: 1) if
there is no change in nephron filtration rate with reduced
sodium delivery, as Morgan [161 has demonstrated, then
G would be expected to be constant; our results are quite
compatible with Morgan's findings; 2) if nephron filtration
rate rises with reduced distal sodium delivery as Thurau
[1, 2, 12, 15] and Schnermann [3, 4, 17] contend, the con-
stancy of P0 militates strongly against attributing this
reciprocal relationship to either efferent arteriolar constric-
tion alone [4] or afferent arteriolar dilatation alone [12];
3) if the contention proves valid that nephron filtration rate
increases with decreased distal sodium delivery, then the
constancy of P0 does not exclude other models which could
explain the reciprocal relationship. Conceivably, nephron
filtration rate might rise yet P0 remain constant if both
afferent and efferent arterioles underwent vasocilatation in
response to distal sodium delivery.
The present study is, of course, based upon the premise
that obstruction of the proximal tubule with oil will reduce
the delivery of sodium to the macula densa cells in the distal
tubule. However, since pressure in the distal tubule beyond
the oil block is markedly reduced, it is possible that retro-
grade flow could occur from the collecting duct or from
other distal tubules in communication with the collecting
duct of the nephron in question. If this unlikely situation,
in fact, occurred, the concentration of sodium in this fluid
would in all probability be quite low. Malnic, Klose, and
Giebisch [181 have demonstrated that the TF/P sodium
progressively falls along the distal nephron. Since the
macula densa cells are located at the most proximal site of
the distal tubule, it would follow that this fluid flowing in a
retrograde fashion would have a very low sodium concen-
tration. Furthermore, continuous reabsorption during such
retrograde flow would further reduce the sodium concen-
tration as fluid moves towards the macula densa. For these
reasons it is reasonable to conclude that proximal tubular
obstruction is associated with a marked reduction in distal
sodium delivery even if some retrograde flow occurs.
It is conceivable that the extent to which P0 must rise in
order to produce changes in nephron filtration rate as
observed by Schnermann, Wright et al is too small to be
detected by the techniques of this study. They demonstrated
that a reduction in the perfusion rate of the loop of Henle
from normal physiologic levels to zero, produced a 52 %
increase in the nephron filtration rate of that nephron [4].
The extent to which P0 must rise to produce such changes
in filtration rate can be estimated from the following ana-
lysis: recent studies in the rat from separate laboratories
have demonstrated that the effective filtration pressure in
the rat during hydropenia is approximately 14 cm H20
[19—211. The calculated mean effective filtration pressure in
this study is in good agreement with these values at 13.7 cm
H20 in hydropenia. Since protein in the glomerular capil-
lary flow is concentrated by the filtration process, the
effective filtration pressure drops along the glomerular
capillary from a higher value at the afferent end of the
capillary (23.2 cm in this study) to near zero at the efferent
end of the capillary. The finding of filtration equilibrium
[19—21] within the glomerular capillary imposes serious
constraints upon any theory which postulates an increase in
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Fig. 3. At a constant plasma flow, the figure depicts the relationship
bet ween increasing glomerular pressure and the change in nephron
filtration rate that this increase would produce. Initial values at
zero change in filtration are based upon values in this study
obtained in rats on normal NaC! diet (Group I). See Discussion
in text for derivation of equation.
filtration rate as a result of increased P. The increase in
G and the accompanying rise in nephron filtration would
be associated with a marked rise in the filtration fraction
and efferent glomerular oncotic pressure due to the further
concentration of protein. This increase in glomerular on-
cotic pressure, therefore, would seriously limit any increase
in nephron filtration rate that could be produced solely by
an elevation of
Based upon the measured values in this study, Fig. 3
depicts the relationship between increasing glomerular
hydrostatic pressure and the increase in nephron filtration
rate it would produce. The curve is based upon the restric-
tion that effective filtration pressure falls to zero at the end
of the glomerular capillary and that renal plasma flow to
that nephron is constant. The formula for this curve is
(P0 + x) — — = 0, where x equals the increase in
glomerular pressure required to increase filtration rate a
given amount, and iris the resultant oncotic pressure at the
efferent end of the capillary produced by this increase in
filtration rate. Maintenance of filtration equilibrium is a
reasonable assumption if plasma flow does not increase
(a likely assumption if G increases by efferent constriction).
If plasma flow falls, then we will have underestimated g,
the increase in P0 required. This curve, therefore, allows us
to predict the absolute increment in P0 which is necessary
to produce a specific increase in nephron filtration rate.
In the present studies, tubular blockade with oil reduced
the normal hydropenia (Group I and II) levels of distal so-
dium delivery to zero, which should be quite comparable to
the marked reduction in distal delivery produced by Schner-
mann, Wright et al [4] by reducing both the sodium concen-
tration and the rate of microperfusion of the ioop of Henle.
To produce their observed 52 % increase in nephron fil-
tration rate by such a maneuver would require an increase
in G of 24.6 cm H20 (Fig. 3). As previously noted, Po
did not change significantly (Tables 3—5). Therefore, the
present studies militate against a feedback control of fil-
tration rate mediated simply by changes in P0 by either
selective efferent constriction or afferent dilatation.
However, our results do not exclude an alternative me-
chanism for feedback control of nephron filtration rate. It
is possible that angiotensin could have a direct effect on the
total permeability (L x A) of the glomerulus, either by
increasing the permeability per unit area of filtering surface
or by increasing the surface area for filtration. However
since the effective filtration pressure comes to equilibrium
within the glomerular capillary, an increase in total glome-
rular permeability by either mechanism would move the
point at which equilibrium is attained nearer to the afferent
arteriole, but at a constant plasma flow, no increase in
nephron filtration rate would occur. Therefore, we conclude
that if nephron filtration rate increases in response to de-
creased distal sodium delivery, it must be associated with
an increase in the plasma flow to that nephron. In addition,
since P0 remains constant, the increased plasma flow must
be produced by dilatation of both the afferent and efferent
resistors.
In hydropenic animals on a normal (Group I) and low
salt (Group II) diet, a transient rise in P0 was consistently
noted following tubular obstruction. This rise in pressure
was usually less than 10 cm H20 in magnitude and P0
returned to the control value in less than 25 seconds (Fig. 2).
This finding can be anticipated from the fact that efferent
flow from the glomerular capillary must increase by some
12 to 17% as a result of the marked diminution in glomerular
filtration following tubular obstruction. However, the fact
that the P0 in hydropenia spontaneously falls to control
values raises the possibility of a significant decrease in
efferent resistance following tubular obstruction. This fall
in resistance could be the result of activation of a feedback
control system involving the angiotensin system, and in
response to the reduction distal sodium load, in which both
afferent and efferent resistances may be decreased actively.
But if this were the case, the collection of filtrate proximal
to the oil block should not affect this active alteration in
resistance and during the collection P0 should remain at a
level below that of control. In fact, the fall in P0 with the
collection of filtrate was transient and P0 returned to
control values spontaneously, suggesting that these changes
are mediated by passive intrinsic properties of the efferent
outflow vasculature, either at the efferent arteriole or
within the distal glomerular capillary.
The fact that P0 in hydropenia returns spontaneously to
control values despite continued tubular obstruction
suggests that there remains a capacity for the efferent vas-
culature to dilate in response to either changes in volume
within the capillary or P0. However, when an oil block was
placed during volume expansion (Group III), P0 rose by a
mean of 8.3 cm H20 and remained at that higher value.
If the glomerular filtrate proximal to the oil block is collect-
ed into the pipette, P0 returns to control values. These find-
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ings suggest the following: 1) reduction in distal sodium
delivery and resultant changes in angiotensin activity are
not the cause of this change in P0 since collection of the
glomerular filtrate into the pipette reduces P0; 2) the effer-
ent or distal capillary resistance during volume expansion
may be maximally reduced owing to autoregulation, so
that a further compensatory decrease in efferent resistance
may be impossible.
In summary, the changes in P0 following tubular ob-
struction in hydropenia suggest an intrinsic autoregulatory
capacity serving to maintain a constant P0. This concept
is compatible with the findings in this and other studies
[21—23], indicating that P0 remains relatively constant in
spite of wide variations in NaC1 intake, excretion and renal
blood flow. Such an intrinsic capacity to autoregulate P0,
as a result of changes in efferent resistance, might account
for variations in filtration fraction when renal blood flow
is altered.
The present study has important methodologic impli-
cations serving to validate the conventional use of oil blocks
in both measurement of nephron filtration rate and P0 by
stop-flow techniques. The stop-flow pressure technique has
been criticized by Schnermann et al [4] on the grounds that
the reduction in distal sodium delivery accompanying acute
tubular blockade would activate feedback mechanisms and
elevate the P0 in that nephron. If true, this mechanism
would produce a higher value for P0 when calculated by
stop-flow methods than that obtained by direct measure-
ment in the nephron with an unblocked tubule. In compari-
sons between directly measured P0 and glomerular pressure
estimated by stop-flow in separate nephrons in the same
animal, no significant difference was noted in the low NaCI
(Group II) and volume expanded (Group III) animals
(Table 2). In Group I normal rats, glomerular pressure was
5.3 cm 1420 higher when measured by stop-flow methods.
However, in 16 nephrons in Group I animals, paired com-
parisons of directly measured P0 and that calculated from
stop-flow pressure in Bowman's space plus the systemic
oncotic pressure (P0 =SFP+ ZVA) were identical. Similar
findings were obtained in 8 paired measurements in Group
II (Table 4). While we cannot explain the differences ob-
served in separate nephrons in Group I, the stop-flow
pressure method of estimation of P0 in all other compari-
sons approximates the true glomerular hydrostatic pres-
sure.
The introduction of an oil block into the proximal tubule
during the course of measurement of single nephron fil-
tration rate has also been criticized [4] on the assumption
that the reduction in distal sodium delivery, by elevating
P0, increases the filtration rate of that nephron. Several
authors have demonstrated that the nephron filtration rate
measured in the proximal tubule is consistently higer than
that measured in the distal tubule of the same nephron [17
24, 251. However, recent studies by Bartoli and Earley [26]
suggest that this discrepancy is due to a systematic de-
pression of the nephron filtration rate measured in the
distal tubule, rather than an elevation of the nephron fil-
tration rate as measured in the proximal tubule. The present
studies demonstrate that P0 does not increase with this
maneuver; hence, if nephron filtration rate measured in the
proximal tubule is increased by the introduction of the oil
block, this increase is not due to an elevation in P0.
The findings of the present study justify the following
conclusions: 1) glomerular hydrostatic pressure does not
rise in response to a selective, acute reduction in distal
tubular sodium delivery in the same nephron. In addition,
in spite of wide variations in distal sodium delivery pro-
duced by varied sodium intakes, glomerular hydrostatic
pressure is quite similar. 2) glomerular hydrostatic pressure
rises transiently during hydropenia in response to tubular
blockade, cessation of glomerular filtration and subsequent
increase in glomerular capillary blood volume but returns
to control levels spontaneously. This implies an intrinsic
vascular autoregulatory capacity in which either efferent
arteriolar or glomerular capillary resistance changes. This
capacity is diminished or abolished during volume ex-
pansion presumably due to pre-existing vasodilatation. 3)
the observations of Thurau and his associates and Schner-
mann, Wright et al that nephron filtration increases in
response to reduced distal sodium delivery cannot be attri-
buted to an isolated increase in glomerular permeability or
capillary surface area because of the finding of filtration
equilibrium within the glomerular capillary during hydro-
penia. 4) therefore, if the nephron filtration rate increases in
response to a reduction in distal sodium delivery, it must
occur as a result of an increase in the plasma flow per ne-
phron produced by both afferent and efferent resistance
changes.
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